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The mammalian kidney is a highly complex organ, composed of various cell types within a unique structural framework. Nonetheless, in recent years, giant leaps in our understanding of nephrogenesis and the origin of new cells in the adult kidney have resulted in novel routes to regenerate damaged nephrons. While several strategies can be envisioned to achieve this aim, one common theme is the reliance on renal lineage cells, as extrarenal cells, such as bone marrow-derived cells, have been shown to be devoid of renal differentiation capacity. Herein, we will present the main motivation for the pursuit for cell-based therapies, which is the ever growing problem of chronic kidney disease (CKD), and discuss different strategies toward replenishing the damaged renal parenchyma. These include transplantation of fetal kidney grafts or fetal kidney stem cells, directed differentiation of pluripotent stem cells into kidney epithelia, establishment of renal progenitors from the adult kidney, and genetic reprogramming of mature kidney cells into a progenitor state. Taken together with novel techniques recapitulating the threedimensional developmental environment, these advances are expected to take the field into a new era, bringing us closer than ever to the day when kidney stem cell-based therapy becomes a viable therapeutic option.
CHRONIC KIDNEY DISEASE: A GROWING PROBLEM
C hronic kidney disease (CKD), defined as abnormalities of kidney structure or function, present for more than 3 months, with implications for health (1) , has become one of the major global health problems in recent decades, owing to constant aging of the population, as well as the increase in the frequency of its main etiologies, such as diabetes and hypertension. With an estimated global incidence of about 11-13% (2) and expensive and complicated treatments, CKD is not only associated with lower life expectancy and impaired quality of life but it also represents a significant burden on modern health systems (3) . In addition, given the growing aging population, CKD rates are expected to continue to rise, particularly in the United States and other developed countries (4) . CKD is a relentless disease, steadily deteriorating from its early stages into kidney failure, also called end-stage renal disease, defined as a glomerular filtration rate below 15 ml/min per 1.73 m 2 (1) . Unfortunately, the therapeutic options that can be offered to such patients have not evolved significantly for many years, currently including renal transplantation, which suffers from severe shortage of donor organs, and dialysis that significantly damages patients' quality of life (5). Accordingly, with major developments in the past 20 years in the field of regenerative medicine, various cell-based approaches have begun to emerge, opening the path toward novel treatments for CKD. Notably, as CKD entails not only loss of renal parenchyma per se but also other pathogenetic mechanisms, such as renal fibrosis and capillary rarefication (6) , it has been proposed that stem cell-based therapy is best initiated early in the course of CKD, when structural changes are still relatively mild (5) . At the same time, strategies that can facilitate the regeneration of renal vasculature, in addition to renal nephrons, would be probably needed. Moreover, various diseases result in damage predominantly to specific cell types within the nephron, which could potentially be ameliorated via the generation of a single cellular phenotype, which could serve to form "cell patches" to replace damaged tubular areas. In this review, we will discuss the various strategies that have been developed to derive renal progenitors, which could potentially allow regeneration of damaged kidneys.
FETAL KIDNEY-DERIVED STEM CELLS
The most intuitive approach for obtaining bona fide renal stem cells is probably to look in the only place where new nephrons are formed during the lifetime of mammalians, the fetal kidney. Initially, to capture the activity of these cells, as well as to allow them to function within their physiological niche, whole kidney grafts were used (7, 8) . Transplantation of early kidney precursors (7-14 weeks of gestation) into immunodeficient mice resulted in graft growth and differentiation into miniature kidneys, which demonstrated functional capacity, producing dilute urine (8) . Despite the impressive results, it was evident that the whole grafts are not a feasible solution for patients, as the transplanted "miniorgans" fail to integrate fully into the host and harbor unwanted cell types, emphasizing the need to isolate and enrich only the desired population of fetal stem cells. A second strategy relying on fetal kidneys entailed the usage of fetal kidney-derived cells. While heterogeneous dissociated rat fetal kidney cells were shown to generate renal structures when injected under the kidney capsule, nontubular cell types were also formed in some instances (9) (10) (11) , again underscoring the need to pinpoint specific sub-populations within the fetal kidney, which could function to regenerate kidneys. Such a population was recently identified in our lab, by using a unique strategy to identify the relevant marker (12) (13) (14) (15) + cells were shown to increase creatinine clearance when administered to mice suffering from CKD induced by 5/6 nephrectomy chronic kidney injury model (13) . Dekel and co-workers (16) went on to prospectively isolate human nephron progenitors. Since the previously identified markers (e.g. NCAM1 and FZD7) extend beyond the Cap Mesenchyme (CM) stage (in culture of mouse embryonic kidney rudiments, Ncam1 colocalizes with Six2 in the CM, and also extends into portions of differentiating nephron epithelia), a simple biomarker system was developed using positive and negative selection for nephron progenitor isolation. Accordingly, sorted NCAM1 + CD133 − cells cultured in serum-free media were shown to enrich for SIX2 + nephron progenitors. Nevertheless, in serum-free media, SIX2 + human nephron progenitors quickly differentiate and are lost within a week. Very recently, following implementation of a modified nephron progenitor media (17) . In summary, human fetal kidney-derived nephron progenitors can be prospectively isolated and expanded, and hence can potentially serve as off-the-shelf cells suitable for kidney regeneration. This strategy may prove useful in patients already on immunosuppressants, especially when considering the relatively low immunogenicity of fetal-derived cells. Alternatively, one can envision the formation of a tissue bank for fetal-derived renal progenitors, which could be implanted into patients requiring renal regeneration, much like donor kidneys are currently transplanted in CKD patients and successfully function as long as immunosuppressive agents are used.
PLURIPOTENT STEM CELL-DERIVED STEM CELLS AND ORGANOID TECHNOLOGY
An alternative route to arrive at fetal stage renal stem cells is to mimic normal embryonic differentiation ex vivo, starting from a cell in a pluripotent state (i.e. capable of giving rise to all three germ layers) and gradually differentiating it into a renal progenitor state. Embryonic stem cells (ESCs), representing the in vitro equivalent of the inner cells mass, harbor the potential of giving rise to any of the cells in the three germ layers (19) . Groundbreaking work by the Yamanaka group (20, 21) expanded the potential spectrum of using pluripotent stem cells (PSCs) by the generation of such cells, termed induced PSCs from fibroblasts. Beside the ability to derive autologous pluripotent cells, this finding revolutionized the field of regenerative medicine by introducing the notion that given the correct combination of transcription factors, each cell type can, in theory, be reprogrammed into a desired cell type (22) . Early works were able to demonstrate the formation of tubule-and glomeruli-like structures with ESC-derived teratomas (23, 24) , providing a glimpse at the vast potential of these cells. At the same time, to both achieve the desired cell type and to avoid potential tumorigenesis, an accurate differentiation process was in need, to direct PSCs (a collective term referring to both ESCs and induced pluripotent stem cells) into a renal end product. Concomitantly advances in the stem cell field resulted in the ability to generate complex in vitro three-dimensional (3D) structures resembling whole kidneys, which are termed "organoids". These approaches apply culture systems that allow stem cellderived cells to self-organize into 3D structures. This method has its roots, methodologically and conceptually, in classical developmental experiments, which demonstrated that dissociated embryonic kidney cells are capable of reaggregating and self-organizing into avascular fetal-like renal tissue (25) . By applying this method to pluripotent stem cells, several groups were able to derive highly complex renal structures. Despite many attempts (26-31), it was not until recently that such protocols were devised, as a result of major leaps in the understating of mammalian nephrogenesis, from the early gastrulation phase and up to the segmentation of the nephron. Initially, successful generation of intermediate mesoderm (IM), the precursor of the metanephric kidney, was reported. For instance, Mae et al. (32) established a two-step protocol for IM induction from PSCs, which entailed first the use of Activin A and the Wnt agonist CHIR99021, to promote mesoendoderm specification followed by bone morphogenetic protein 7 (BMP7) to robustly induce IM formation. Consistent with their IM identity, the cells were capable of integrating into mouse metanephric tissues to form renal structures (32) . Nonetheless, the low rates of establishing such structures, coupled with the formation of other, non-desired phenotypes, such as cells expressing adrenal-related genes, underscored the need to generate bona fide renal progenitors. Accordingly, in an attempt to mimic normal nephrogenesis more fully, Taguchi et al. (33) applied a complex four-step differentiation protocol on human PSCs, meant to recapitulate kidney organogenesis and arrive at the end product of Metanephric Mesenchyme (MM) stage renal progenitors. First, for nascent mesoderm induction, Activin, BMP4, and high-dose Wnt agonists are used. Then, posteriorization into T+ posterior mesoderm is undertaken via the application of BMP4 and high-dose Wnt agonists, followed by specification into OSR1 + cells using a combination of BMP4, retinoic acid, Activin, and medium levels of Wnt agonists. Finally, to allow maturation into MM progenitors, fibroblast growth factor-9 and low-dose Wnt agonists are applied. This process resulted in the formation of renal epithelial progenitors, which upon exposure to spinal cord or Wnt-expressing feeder cells remarkably differentiate into 3D structures containing glomeruli and renal tubules of different segments. The renal progenitors generated via this protocol were later shown to generate highly developed glomeruli in vivo, successfully undergoing integration into the host vasculature, and harboring podocytes with numerous cell processes around fenestrated endothelial cells (34) . Other groups similarly reported the use of complex differentiation protocols meant to guide PSCs into a nephron progenitor state, demonstrating that the end product is capable of giving rise to nephron-like structures, expressing markers of different tubular segments (35, 36) . Interestingly, by applying the protocol to PSCs carrying a mutation in disease-causing genes (e.g. Podocalyxin or PKD1/2) generated via CRISPR/Cas9 technology, differentiation defects resembling the human phenotype to some extent could be detected within differentiating organoids (36) . Concomitant with this work, Izpisua Belmonte and co-workers (37) reported a 4-day two-step protocol for derivation of ureteric bud (UB) progenitor-like cells from human PSCs, consisting of BMP4 and fibroblast growth factor-2 exposure, followed by retinoic acid, Activin A, and BMP2 (37) . The UB identity was demonstrated using a 3D reaggregation assay, whereby the tested cells are mixed with dissociated mouse embryonic kidney cells. The cells were seen to contribute to the formation of the ureteric tree, but not to MM-derived structures, indicating their UB lineage (37) . (38) . By better defining the signals regulating the induction of posterior vs. anterior IM the same group further refined the differentiation protocol so as to allow formation of kidney organoids containing collecting ducts and a large number of segmented nephrons (39) . In addition, surrounding the latter were renal stromal population and a vascular network, which could even be identified with the nascent glomeruli on rare occasions (39) . Notably, despite the remarkable progress in the ability to derive the lineages comprising the kidney parenchyma (i.e. nephrons), successful regeneration of an organ would most certainly require also the formation of supporting stroma, as well as fully developed vasculature. To tackle this issue, Takebe et al. (40) used a different strategy, combining organ-specific progenitors derived from human PSCs with endothelial cells and mesenchymal stem cells, establishing a protocol for generating in vitro 3D, transplantable organ buds of various tissues, including the kidney. Remarkably, upon transplantation into mice, the kidney bud underwent vascularization and generated glomerular-and tubular-like structures, which were shown to express markers of podocytes and proximal tubules (40) . Importantly, while the past 4 years have seen a tremendous progress in our understanding of renal development and consequently in the ability to arrive at differentiation-competent renal progenitors, the presented papers clearly demonstrate a large variability in protocols and, not surprisingly, in the renal end products. In addition, the newly gained knowledge has not yet been translated into improved functional outcomes (41, 42) . Nonetheless, the established models are already showing much promise as novel tools for disease modeling (36) and toxicity screening (43, 44) . At the same time, despite the major progress obtained in recent years, organoid technologies still have a long way to go to allow generation of tissues that recapitulate the human kidney anatomically and physiologically. Some important problems are major anatomical deficiencies, such as a lack of collecting ducts or the random formation of multiple individual collecting ducts instead of a single unified collecting system. Consequently, the tree-like organization and cortical-medullary architecture of the kidney are missing from organoids made through selforganization processes, constituting a significant obstacle to producing functional organs. This problem is highlighted by lessons from embryonic kidney rudiment transplantation, which teaches us that in vivo maturation after grafting is not enough to generate a functional kidney, but rather only dilute urine is produced (8) . At the same time, the avascular in vitro niche still impedes organoids from maturing into a state resembling that of adult organs (45) . In addition, an important risk that needs to be fully addressed before the transition into clinical use is that of neoplastic transformation. For instance, recent data show that PSCs accumulate dominant-negative P53 mutations as well global loss of imprinting (46, 47) . Finally, direct evaluation of the relevance of induced pluripotent stem cell-derived nephron progenitors as potential cell therapy is necessary, to determine whether these cells are capable of simulating regeneration observed with other nephrogenic cell types (13) . In summary, organoid technologies will undoubtedly provide a methodological window, allowing us to study human development and disease in depth, and will make it possible to personalize treatment.
HARNESSING THE KIDNEY'S INTRINSIC GROWTH POTENTIAL FOR RENAL CELL THERAPY
It is widely accepted that the adult mammalian kidney is devoid of true regenerative potential, defined as the ability to generate new nephrons (5, 48) . This results from the exhaustion of the fetal pool of renal stem cells, which is depleted soon after (mice) or several weeks before (humans) birth. Nonetheless, both during normal homeostasis and following injury, the kidney is capable of recovering from damage (49) . This notion becomes evident when considering the baseline shedding of epithelial cells into the urine, estimated at about 70,000 per hour (50) . Even more so, kidney function often returns to normal within a short period of time following various injurious insults, manifested as acute kidney injury. Although it is agreed that the epithelial lining Review | Pleniceanu et al.
of damaged tubules is repopulated by newly formed epithelial cells, the source of the latter has been a matter of much debate. In general, this source has been proposed to be either extrarenal (e.g. bone marrow (BM) derived cells (51)) or intrarenal (5) . Indeed, a large body of work in the previous decade has ascribed significant differentiation capacity to various BM-derived cells, and in particular mesenchymal stem cells (MSCs) (52, 53) . In addition, the kidney has been shown to harbor MSC-like cells (54, 55) . However, it has been firmly proven that despite their potential role in both renal fibrosis (56) and tumorigenesis (57), these cells are unable to differentiate into renal lineages, with previous reports regarding such capacity probably related to artifacts (58) . Validating this notion, an elegant lineage tracing model, used by Humphreys et al. (59) , marked all renal tubular epithelial cells and demonstrated that following ischemic damage, all nascent epithelial cells originate from within the renal epithelium itself, and not from extrarenal sources. In an attempt to better define the source of new cells in the adult kidney during homeostasis or following damage, Rinkevich et al. (60) applied a transgenic mouse model, termed the "rainbow" mouse, in which every cell is randomly labeled with one of four colors. Interestingly, during both steady-state and following ischemic damage, new tubular cells were found to form via clonal expansion. Importantly, these clonal units were seen to form in a segment-restricted manner, with Wnt signaling regulating their expansion (60) (Figure 2) . Interestingly, more clones were seen to form following injury. Thus, this study demonstrated that tubular homeostasis and repair are initiated by lineage-specific clone-forming cells that undergo local expansion. This suggests that ex vivo recapitulation of this process for regenerative purposes would probably require isolation and expansion of specific clones, which could repopulate their respective nephron segment. Of note, it remains to be determined whether any tubular cell under specific conditions is capable of giving rise to such clones, or only a predetermined fraction of cells within the nephron is endowed with this potential (stem state vs. stem cell). Notably, although it has been shown that no SIX2 + population exists in the postnatal kidney (59), this does not exclude the possibility of a progenitor population with a narrower differentiation potential, or alternatively with a different gene expression profile than the CM. Kusaba et al. (63, 64) . One approach to circumvent this problem has been the usage of specific culture conditions to promote acquisition of progenitor traits in adult kidney-derived cells. For instance, Buzhor et al. (65) , through the use of human kidney epithelial cells expanded in 2D adherent culture and then transferred into growth as 3D spheroids, demonstrated the cells to upregulate specific markers of kidney function (transporter molecules) and acquisition of progenitor characteristics, as manifested by their ability to regenerate renal structures when grafted into the chick embryo. However, a large number of studies reported the identification of various cell types, harboring trait/s compatible with a progenitor identity, identified as such via the expression of specific surface marker expression (65) (66) (67) , their label retention following a chase period (68, 69) , or the propensity to expel cytotoxic substances via efflux pumps. Although some of these cell fractions demonstrated the capacity to improve kidney function in murine models (70, 71) , while the exact mechanism of tubule cell replacement still awaits final confirmation, several explanations can be offered to account for discrepancies between different studies. First, the notion that each surviving epithelial cell is equally capable of dedifferentiating and proliferating to replace lost cells is based on staining for cell-cycle markers, such as Ki-67 or 5-bromo-2′-deoxyuridine uptake. Following renal injury, these markers are diffusely expressed and involve the large majority of tubular epithelial cells. Nonetheless, the expression of such cell cycle markers as a surrogate of cell division is questionable. Indeed, these markers may label start of DNA synthesis or cell cycle activation, but their presence does not differentiate between undergoing true division and cells that are merely undergoing compensatory hypertrophy. Although in both cases cell cycle activation takes place, the latter reflects functional compensation but not kidney regeneration. Furthermore, lineage tracing analyses consistently report the presence of a replicationcompetent tubular cell sub-population with enhanced resistance to death and limited self-renewal potential, alongside a less differentiated cell phenotype, in comparison with other tubular cells. While this tubular population undergoes clonogenic expansion upon injury, other tubular cells, like other epithelial cell types, seem unable to complete cell division, being able only to duplicate their DNA content, but not to complete mitosis by dividing their cytoplasm (cytokinesis). Finally, endoreplicating cells are highly transcriptionally active and therefore appear as dedifferentiated and proliferating based on immunostaining for embryonic and cell cycle markers, even if they are unable to generate a progeny. This notion is highly relevant from the translational perspective, suggesting that function recovery and tissue regeneration are two independent phenomena and that endoreplicating and truly dividing tubular cells may represent different targets for new possible treatments.
LINEAGE REPROGRAMMING TOWARDS RENAL STEM CELLS
As mentioned previously, once it has become clear that ectopic expression of a small number of transcription factors in a given cell type can generate a different cell type, much effort was directed at establishing various cellular phenotypes by the use of this approach. In contrast to "pluripotent" reprogramming, whereby the initial cell type is reprogrammed into an ESC-like state, potentially allowing for directed differentiation into the desired cell type, "lineage" reprogramming has been suggested as a means to switch between two, nonpluripotent cell fates (22) . In several tissues, such as the heart (72-74) and pancreas (75) (76) (77) (78) , various protocols have been devised to derive either tissue-specific progenitors or functional cell types. In contrast, despite the major progress in understanding the molecular factors governing nephrogenesis, including the identification of the major transcription factors defining renal stem cells during kidney development, to date there have been only few reports of reprogramming cells into a kidney progenitor/epithelial state. Starting from human proximal tubule cells, Hendry et al. (79) ectopically expressed six transcription factors, which resulted in the establishment of cells expressing several renal developmental markers and capable of integrating into CM areas when mixed with reaggregating mouse embryonic kidney cells. Nonetheless, the cells were not shown to differentiate into tubular structures, which could be attributed to the continued ectopic expression of the reprogramming factors. Thus, other approaches would probably be necessary to both dedifferentiate mature renal cells into a progenitor state, while at the same time direct their differentiation once in the desired niche, for instance, via the use of transient expression of the reprogramming factors or conditional expression cassettes. Recently, via forced expression of Emx2, Hnf1b, Hnf4a, and Pax8 in mouse or human fibroblasts, Kaminski et al. (80) were able to generate cells that exhibited epithelial characteristics and marker expression, clustered with renal cells in terms of global gene expression profile, possessed some functional traits of mature tubular cells and were sensitive to nephrotoxic substances. In addition, the reprogrammed cells were able to contribute to tubular structures when mixed with dissociated embryonic kidney cells. While these studies prove that renal end products can be generated via ectopic transcription factor expression, more effective and robust protocols would have to be devised so as to generate cells that could effectively repair and boost kidney function.
CONCLUSION
The idea of applying cell-based therapies as a means to regenerate damaged kidneys and treat both acute kidney injury and CKD has been around for several decades. However, significant gaps in our understanding of the processes taking place during both renal homeostasis and following damage have set a high barrier in the way to translation. In recent years, the basic mechanisms underlying these processes have been unraveled, thereby opening a path for recreating renal parenchyma with the use of cells from the renal lineage. Despite the inherent complexity of the kidney, meticulous studies involving, among others, transgenic mouse models and novel differentiation protocols of PSCs, have shed light on the factors and processes involved in the formation of renal cells, thereby providing a roadmap to successful renal regeneration. Hence, the main challenge currently facing renal regenerative medicine is the implementation of these insights in a precise and safe manner so as to arrive at the desired cell types and establish ways of carrying out these processes in the clinic. 
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